Little is known about potential effects of smoking on ocular blood flow regulation. In the present study, the hypothesis was that choroidal blood flow (CBF) changes during an increase in ocular perfusion pressure induced by isometric exercise are altered in chronic smokers. METHODS. The study was performed in 24 (12 smokers and 12 nonsmokers) healthy male volunteers in an observer-masked, two-cohort study design. The difference in CBF regulation between smokers and nonsmokers was tested during isometric exercise over a period of 6 minutes. CBF was assessed with laser Doppler flowery (LDF), and ocular perfusion pressure (OPP) was calculated from mean arterial pressure (MAP) and intraocular pressure (IOP). RESULTS. Six minutes of isometric exercise induced a significant increase in MAP, pulse rate (PR), OPP, and CBF in smokers and nonsmokers (each P Ͻ 0.001). The increase in CBF was significantly higher in the smoking group (P Ͻ 0.001) than in the healthy control group, whereas a comparable increase in MAP (P ϭ 0.18), PR (P ϭ 0.18), and OPP (P ϭ 0.43) occurred in smokers and nonsmokers. IOP remained unchanged during isometric exercise in both groups. Moreover, in smokers, CBF started to increase at OPPs more than 49% above baseline, whereas CBF in nonsmokers remained stable until an increase in OPP of 74% over baseline. This difference between the two groups was significant (P Ͻ 0.001). CONCLUSIONS. These data indicate abnormal CBF regulation in chronic smokers compared with age-matched nonsmoking subjects during isometric exercise. The pathways responsible for this abnormal blood flow response remain to be elucidated.
H abitual smoking is associated with an increased risk of coronary artery disease and cerebral and peripheral vascular disease, 1,2 including such ocular diseases as age-related macular degeneration (AMD) and hypertensive or diabetic retinopathy. 3 Several adverse effects of smoking on the endothelium have been reported, including increased oxidative stress, 4 decreased levels of the antioxidant vitamin C, 4, 5 and abnormalities in endothelial nitric oxide (NO) activity. 6, 7 However, the exact pathophysiological mechanisms responsible for smoking-related vascular damage are unclear.
Autoregulation represents an important factor for the physiological integrity of the ocular circulation. It is the ability of a vascular bed to maintain a constant blood flow despite changes in perfusion pressure. In its strict sense this behavior of the vascular bed cannot be investigated in humans, because isolated changes of perfusion pressure cannot be induced. However, in the human choroid, nonlinear pressure-flow relationships have been found during experimental changes in perfusion pressure. 8 -13 There is evidence that chronic smoking markedly perturbs cerebrovascular autoregulation.
14 Effects of smoking on the vascular integrity of the choroid, however, are unknown so far.
In the present study, we compared choroidal blood flow regulation between smokers and nonsmokers. During an experimental increase in perfusion pressure as provoked by isometric exercise, net choroidal vasoconstriction is necessary to keep blood flow constant. Numerous mediators may be involved in this vasoconstrictor response, because blood flow in the choroid is controlled by a number of hormonal, neural, and paracrine regulatory systems. 15 We hypothesized that this vasoconstrictor response is altered in chronic smokers compared with age-matched nonsmoking control subjects.
METHODS

Subjects
The present study was performed in compliance with the Declaration of Helsinki and the Good Clinical Practice guidelines. After approval of the study protocol by the Ethics Committee of the Vienna University School of Medicine and after written informed consent was obtained, 24 healthy male volunteers were enrolled in the study (age range, 19 -35 years; smokers: mean, 24.7 Ϯ 3.1 [SD], nonsmokers: mean, 24.9 Ϯ 3.2). Twelve participants had been smoking for at least 2 years and regularly smoked between 15 and 25 cigarettes per day. The other 12 volunteers had no history of smoking.
All volunteers were drug free for at least 3 weeks before inclusion and passed a prestudy screening during the 4 weeks before the first study day that included physical examination and medical history; 12-lead electrocardiogram; complete blood cell count; activated partial thromboplastin time and thrombin time; clinical chemistry (sodium, potassium, creatinine, uric acid, glucose, cholesterol, triglycerides, alanine aminotransferase, aspartate transcarbamylase, ␥-glutamyltransferase, alkaline phosphatase, total bilirubin, total protein); hepatitis A, B, and C and HIV-serology; urinalysis; random urine drug screen; and ophthalmic examination. Subjects were excluded if any clinically relevant abnormality was found as part of the pretreatment screening. In addition, subjects with ametropia of more than 3 D, anisometropia more than 1 D, or any evidence of eye disease that might interfere with the purpose of the present trial were excluded.
To distinguish objectively between smokers and nonsmokers, it was necessary to determine the level of cotinine in the urine. This investigation was performed with a homogenous immunoassay (EMIT technique; Diagnostic Reagents, Inc., Los Angeles, CA). 16 In addition, From The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.the subjects were asked to complete the Fagerstrom Tolerance Questionnaire. 17 
Experimental Design
This study was an observer-masked design performed in two cohorts. Subjects were asked to refrain from alcohol and caffeine for at least 12 hours before trial days. In addition, they were advised to abstain from smoking for at least 2 hours before the beginning of measurements to exclude any acute effects of cigarette smoking. Dilation of one pupil was obtained with tropicamide (mydriaticum, Agepha-Augentropfen; Agepha GmbH, Vienna, Austria).
After a 20-minute resting period, baseline measurements with confocal laser Doppler flowmetry were obtained with subjects in a sitting position. The measurements were continued without cessation with subjects squatting for 6 minutes. This exercise was performed in a position in which the upper and the lower leg are as close as possible to a right angle. For the subjects' security a nurse was standing behind each of them during the squatting period.
Systemic Hemodynamics
Systolic, diastolic, and mean arterial blood pressure (SBP, DBP, MAP, respectively) were measured on the upper arm with an automated oscillometric device. Pulse rate (PR) was automatically recorded from a finger-pulse oximeter (HP-CMS patient monitor; Hewlett-Packard, Palo Alto, CA). Systemic hemodynamics were measured in 1-minute intervals during the squatting periods and in 10-minute intervals during resting periods. Pulse rate and a real-time electrocardiogram were monitored continuously.
Applanation Tonometry and Ocular Perfusion Pressure
The intraocular pressure (IOP) was measured with a Perkins applanation tonometer (Clement Clarke, Edinburgh, UK). Oxybuprocaine hydrochloride was used to anesthetize the cornea. Ocular perfusion pressure (OPP) was calculated as OPP ϭ 2 ⁄ 3ϫ MAP Ϫ IOP. 18 This formula is based on the evidence that the pressure in choroidal veins almost equals the IOP. 19, 20 During the isometric squatting exercise, we observed only small changes in IOP over baseline after 6 minutes.
Hence, we used a linear regression model to extrapolate the IOPs at the other time points of squatting.
Laser Doppler Flowmetry
Continuous measurement of choroidal blood flow was performed with laser Doppler flowmetry. 21 With this technique, the vascularized tissue is illuminated by coherent laser light. Light scattered by the moving red blood cells undergoes a frequency shift. In contrast, static tissue lightscattering cells do not change the light frequency, but lead to randomization of light directions, impinging on red blood cells. Hence, red blood cells receive light from numerous random directions. Because the frequency shift is dependent not only on the velocity of the red blood cells but also on the angle between the wave vectors of the incident and the scattered light, scattering of the light in tissue broadens the Doppler-shift power spectrum. From this spectrum the average velocity of red blood cells (Vel), the volume of red blood cells (Vol) and the choroidal blood flow (Vel ϫ Vol) can be determined based on a theory of light-scattering in tissue in relative units. 22 In the present study, a compact laser Doppler flowmeter, which has been described in detail, 23 was used for the measurements of choroidal blood flow. Briefly, a polarized laser source ( ϭ 785 nm, 100 m) is relayed with a 1:1 optical system (laser beam at the cornea: width, 1.3 mm; power 90 W) and focused on the subject's retina (a spot in the retinal image plane, 10 -20 m in diameter; optical thickness of the confocal layer, 300 m). The point laser source, the point of illumination of the fovea, and the detecting optical fiber are located in conjugated planes. The scattered light is collected by an optical system organized with six fibers arranged circularly around the central fixation point along a circle of diameter of 180 m (within the avascular zone of the fovea). All measurements were performed in the fovea, by asking the subject to fixate the beam directly, which appears as a small red dot. The fovea was chosen because the retina is avascular in this region. For statistical analysis, only the portions of the signal that were within 15% of the baseline direct current (DC) were taken for analysis. Compared with previous fundus camera-based systems for the assessment of choroidal blood flow, 21 the new system offers two major advantages: adjustment of the detector relative to the measurement on the retina is omitted because the system uses confocal optics and portability, which facilitates measurements during isometric exercise.
Data Analysis
All statistical analyses were performed on computer (Statistica software package, ver. 4.5; StatSoft Inc., Tulsa, OK). All outcome variables were calculated for each subject individually and then averaged. The effect of exercise on the outcome parameters was assessed with repeated-measures ANOVA. The relative change in hemodynamic parameters induced by isometric exercise was calculated. To gain information on the pressure-flow relationship, relative data were sorted according to ascending OPPs. 8, 9 For each squatting period we obtained 72 sets of OPP and CBF data. These were divided into eight groups of ) 15
Data are means Ϯ SEM (n ϭ 12, each). ND, not done.
9 OPP and CBF values. Hence, the first group consisted of the data with the lowest relative OPPs (n ϭ 9) and the eighth group of the data with the highest relative OPPs (n ϭ 9). The mean values from these groups were used to determine the OPP at which the CBF significantly deviated from baseline. This was the case when the 95% confidence interval no longer intersected the baseline level. Data are presented as means Ϯ SEM. A two-tailed P Ͻ 0.05 was considered the level of significance.
RESULTS
No adverse events were observed during the study. The results of the Fagerstrom Tolerance Questionnaire were 0 Ϯ 0 points for the nonsmoking group and 4.0 Ϯ 0.6 points for the smoking group, indicating nicotine-dependence among the smokers. Cotinine levels in the urine were 45.1 Ϯ 11.5 ng/mL in nonsmokers and 2025.7 Ϯ 336.1 ng/mL in smokers. This again clearly indicates that the smokers were accurately selected, because the urine cotinine concentration in nonsmokers is normally below 500 ng/mL. 24 There were no significant differences between the baseline values of the two groups ( Table 1) . As expected, 6 minutes of isometric exercise induced a significant increase in MAP (Table  2) , CBF (Fig. 1), OPP (Fig. 2) , and PR (Fig. 3 ) in smokers and nonsmokers (P Ͻ 0.001, each). The increase in CBF was significantly higher in the smoking group (P Ͻ 0.001), whereas MAP (P ϭ 0.18), PR (P ϭ 0.18) and OPP (P ϭ 0.43) increased comparably in smokers and nonsmokers. IOP remained unchanged during isometric exercise in both groups ( Table 2) .
The pressure-flow relationship during the squatting periods is presented in Figure 4 . In smokers, CBF increased at changes in OPP of more than 49% over baseline, whereas CBF in nonsmokers remained stable until an increase in OPP of 74% above baseline. This difference between the two groups was significant (P Ͻ 0.001). At an almost 100% increase in OPP, CBF increased by 19.7% in the control group, but as much as 32.2% in the group of smokers.
DISCUSSION
Based on the results of the present study, blood flow regulation in the choroid appears to be less effective in chronic smokers than in nonsmokers. Although CBF values showed a satisfactory reproducibility within subjects during isometric exercise, there was an interindividual variability as shown in the large error bars in Figures 1 and 4 . This can be explained by the physical fitness of the subjects, which influences the exerciseinduced increase in MAP, as well as the fact that the choroidal autoregulatory range showed a high variability among subjects. In the present study, the baseline MAP and OPP tended to be higher in smokers than in nonsmokers, but the differences in the increase of both parameters during isometric exercise was less distinctive. This is in contrast to a significantly more pronounced increase of CBF when compared with the nonsmoking group. The PR of the smoking group tended to be higher during the whole study day, which could be attributed to a reduced physical capacity among chronic smokers.
In its strict sense, autoregulation can be investigated only in an isolated organ where perfusion pressure can be varied experimentally, but in humans such experiments are obviously not possible. In particular, the neural input to the choroidal vessels has also to be considered, because isometric exercise induces sympathetic and parasympathetic stimulation. 25 There is evidence from various animal studies that ocular sympathetic vasomotor nerves play an important role in the choroidal vasoconstriction elicited by an increase in OPP. 26, 27 In the human choroid, blood flow regulation is neither influenced by the muscarinic receptor antagonist atropine nor by the nonse- lective ␤-adrenoceptor antagonist propanolol, 10 which, however, does not exclude a role of neural input in this regulatory process. The vasoconstrictor angiotensin II also does not contribute to choroidal blood flow regulation during changes in perfusion pressure in animals or humans. 12, 28 By contrast, NO appears to be involved into human choroidal blood flow regulation during isometric exercise. 11 This could partially explain the results of the present study, because recent animal and human studies 29, 30 have shown that cigarette smoking is associated with reduced endothelium-dependent vasodilation, NO generation, and endothelial nitric oxide synthase (eNOS) activity. The expression of eNOS protein is increased in human smokers in the presence of reduced eNOS activity. 30 Moreover, the endothelin system is involved in choroidal blood flow regulation in animals 28, 31 and in humans 12 during isometric exercise. Smokers have higher endothelin (ET)-1 plasma levels after cigarette smoking, 32 whereas basal ET-1 levels are slightly lower in smokers. 33 Short-term smoking enhances ET-1-induced vasoconstriction in the forearm, also indicating the close relation between the endothelin system and smoking habits. 6 However, there are thought to be several as yet undefined mechanisms involved in choroidal autoregulation, as evidenced in rabbit experiments. 28 The impact of smoking on the vasculature of the eye has received little attention, despite the large number of ocular diseases for which a causal relationship with chronic cigarette smoking has been demonstrated. Several studies reported cigarette smoking as a major risk factor for AMD. Hayman et al. 34 found a relative risk (2.6; confidence interval, 2.1-3.1) in men, but not in women (relative risk, 0.84; confidence interval, 0.70 -0.98). In the Eye Disease Case-Control Study Group, 35 smoking was clearly shown to be a risk factor for AMD (odds ratio, 2.2; confidence interval, 1.4 -3.5). In addition, in a Danish study, the risk of development of atrophic maculopathy was found to be 2.5 times higher among smokers than among nonsmokers (P Ͻ 0.01). 36 A limitation of the present study is that only subfoveal CBF was assessed with the LDF technique. Little is known about potential regional differences in CBF regulation, and our results cannot necessarily be extrapolated to the more peripheral choroid. In addition, care must be taken to compare baseline CBF data between the two groups, because absolute data, as obtained with this device, strongly depend on the light-scattering properties of the tissue.
In conclusion, smoking alters the mechanisms involved in choroidal blood flow regulation. Further studies are needed to identify which pathways are favored targets of smoking-induced vascular damage.
